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A PRELIMINARY THEQORETICAL STUDY OF AERODIN:MIC
INSTABILITY OF A TWO-BLADE HELICOPTER ROTCR

By Robert P. Colemen end Carl W. Stempin
SUMMARY

A theory has been developed in preliminary form which seems
capable of predicting the ecerodynamic instability phencmena of a
two-2lade wes-paw-type helicopter rotor. In particwlar, the theory
indicates the poseibility of unsteble vibrations even with the
chordwise center of mass at or ahsad of the 25-percent-chord
position.

The stability condition for oscillstory motion is expressed
In terms of a sgmell numbsr of composite parameters that are evelu-
ated from the moments of inertias, angle settings, and aercdynsmic
parameteors of a blade.. : '

Somputed stability resultis for different coning angle setiings,
center-of-mass positions; and control-system stiffnessss for
ore veluws of blede densiiby sand espect ratio ars presentad in 2
chart,

It is found that, in addition to parameters amalogcus o _
those occurring in wing-flutter thecery, the present the oy contiins
a2 paramobter thset represents an.undtabilizing efrect dus tc the 4if-
forence between the momgnts of inertie in flapping end. in rotation.

INTRODUCTION

Tuo presont proliminery paper presexts some mumerical rssults
of fiutter celculaticne for a two-blads helicopter, The resulbs
gre published in preliminery form in crdsr to maie then more quickly
avarlable for possible epplication to the study of the rhsnomenon

“
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of blads "weaving," which 1s apparently en aerodynamic instability
and hzs besn calied weaving from the appearance of the wavy path
traced by the blade tips. The geuneral method, which is aa ex'on-
pion of the method of reference (1), is to be treated in more

detall in a later report. Derivaticne and discussions. of the method
have consequently been largely cmitted in the presont paper. Several
effects are omitbed which undovbtedly influemce the quantitative
resulte bub are belisved to bo unessentilial in a preliminsry study
of treada. '

METHOD OF ANALISIS

The conputations are intended to apply to & hellicopter having
two rigldly connocted hlades sot at a coning angle and ritch sotiing
with respsch Lo each ohher, The combined blades are treated as &
singlo rigid body having three degrees of frevedam in rotatian about
g fixed point at the hub.

The air forcos are obtnined from & blade-eloment analysis
using the wing flutteor thoory of roferonce 2 bul using the theo-
recical stoady state value for tho slope of the 1lift curvo instoad
of the camplox function F + iG. The offect of a flexitle control
system is reprosented by & spring in the blade feathoring dogree
of freedon.

In the slr-force torms, the nonecirculatory and the circulatory
terrvs are considered soparately. The noncirvculatory terrs arc
sroetod as apperent added mass and moment of incrtia sni covbined
with She actual blade mass to obtaln resulbant blade, centor-of-
mase and moment-of-incrtia pearametors,

The e¢uations of mobtlon are cbtalned by first writing tho
Euler equations of motion for cach blade, cconsidorcd as a rigld
body rotating about a fixed polnt. The air-forcc torme aroc expressod
in terms of the angularsvolocity compononte that occcur in Bulerts
cquations,

The squations for two blades arc then combined in a way to
repregent 8 single rigld body. The two blades are Jointed ot
fixed angies with resiect to each other and in such a way that the
regpective lines of center of mase intersegt in a point at tho Lvb.
Tho ronriirete axes of Eulerts egquations sre then trangfo-~nd to
axsg rotasiig vniformily with tho mean blade mohion. A srring-
stiffness toim is thon inssried to reprosens tho effect of tio con-

trol systom.
v R Lo i
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Vhen the various physical perameters have been combined Into
a smailer -vmber of composite paramebers to be defined in *“he fol-
lowing section of the repart, the zquations of motlon in mehrlx
form bscomss - : . :

4
12 L ] 1 [ RN
S+Ey, I 0 Ef?} 1 o gt o ojile
17 - B+% 0 || 2 of+jo 0 0|pxs]=o0
. ’ i - D D ' .
= s 0 .
Lo o Zemllo oz} |o oof]|]
~ vhers

e, B, 7 feathering, flapping, and lagging angles, respectively

¢
at

D

a meen sngular velocity of robor
and the cther symbols sre, defined in the section, Physical Paremsters,

If solukbioms are esswmed of the form

9.=A96_=, L

pXY.
Y = A?,e

Wagro. A,_;, 3 Aﬁ, A), are corstanis, the dsterminartal equailon for
obtaining the values of » is h
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Mo Ep + Iy + K Al-1L)-H 0
M3 - Ig) + Hp A2 + Hgh + Ip o . {=o0
0 _ 0 22 + Hgh

The equation shows that the 7 degree of freedom is independent
of the others and need not be considered in the stability compute-
tions.

If the determinantal equation is expanded, a guartic In A is
obtained of the form

Ve adsmBiardans (1)
where
a = Hg + Hp
b= I+ Hgfp + Iy + Kg' + (1 - L) (3 - Ip)
o = Tgp + (Tn + Kp")Hg + (1 - Ip)Hp + (1 - I)Eg
&= (Tp + K")Ip + Hpfp

for which the important stabllity condition for oscilletory motion
is

02 - a‘bc+a2d<0

or

o2 + (g + ) (L- Tl - TATY Ege? - (Tp+Ep)° (1-Tg)s" < O



NAiCa RM Ne. LOH23

This can be wrltten

b

ol / , v
. Hy; . 1 - Tp . :
KQEEBE.D ’KG' + ‘.l + F_‘:!f l_‘B "“""’"""“ED -1+ lB - EBE \ i{o (2)
i3 :

-~

The critical condttion for diver-pnce is recognized from equa-
tion (1)} aa & = 0; bub no furtier discussion of tkis Typs of
instability will be given in the pressnt pepsr,

BSTCAT: PARAMETERS

Fenerel Caose

The finsl stability conditions sre erprossed in Herms of
certala composlts parometers that sre obhtained {ram cther baslc
peramsters as fcilows: Let A, B, C denobs the principal
Tozenta of inertis of a single blade {in a vecuum) abous rrdial,

horiwise, and perendlconlar cxes regpostively. The apparent
zdd=d mass effect chemges B +to E{1 + K), +where K 1is the
ratlo of ke mmes of a cylinder of air of e diameter egvel to the
choiil of the Llads to th: mass of the blade, toth taker for egual
lengbh- along the span. A suitable average value applics bo temered

blades,

ok,

The effect of epparont added masss on A& eni C has hTes:a

neglected In the pressnt compubations.

The following peremeters involve the clrculastory sl Fforce
sxnressions for a single blade: .
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3

iR
Hy = - J 2!tpb2ar2 ar
O
R
H2 = 2::p'br3 dar
0 > {3}
R
H, = - 2::pb3e(-12 - )r ar
} 2
f
B 1 2
2
H5 = 2npb (§ - )r dx
0 * /

where r 1is the spenwige coordinate along & blade, R is the ®ip
resdius, and p, b, a hove the same meaning as in wing flubter
theory (reference 2), namely:

P mags of alr per wnlt of volume
b half chord of blade
a chordwise distance of elastic axis (assumed to coincide with

center of masa) aft of midchord, divided by b. Leading
edge is -1; +trelling edge 1z 1,

For the two blades rigldly connected so as to have a coning angle B,
and collectlve pitch setting 6, +the corresponding parameters, with
apparent mags included, are:

. -~
At = A coseﬁo + B(1 + k) sin29° sinEBO + C coseeo sineﬁoé

Bt

B(l + k) coseeo + C sin26° (L)

]
i
ct = A sinEBo + B(1 + kg) sineeo cosgﬁo +C c:os;“e0 coseﬁoj

it
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H *=H, cos §, cos B, ~Hy 8in &, sin B, (cos 26, cos B, +2 cos 6, sin ﬁoj
-Ell. sin 60 sin Bo cos ﬁo + 55 sin2 ﬁo

= Hp cos 8, (cos 20, cos Bo -2 sin2 6, sin Bo)

5

)

S —

Hy* = -2H, sin 8, cos @, sin &, cosgﬁo + Hy cos 8, cos B, cos® 28,
H.jf = -232 gin 60 gin BQ cos Bo 4+ ]15 cos‘éao
then

¢CY - R? Hl'
At A

okt
1]

ot
Hg = - s (6

o

AG2

/
vhere ¥y 1s the spring constent In the feathering degree of freedom.

Specizl Cases

For & homogeneous rectangular blade tte expressions in egua-
tions (3) beccme
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(7)

(&)

éistributed In the plsne of the span and chord

4

A+3=20

If E-O3 and other third-order ansle terms and certalu other com-

binztions of smell terms ere nes.eched, eguations (L) an”

becoms

At
Bf

Cl

B¢

C - BPZ + KOS

z o
8,7 -
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A

~\

s BT ' n
5 ‘2')“ Hod Bo = Hy96Pg + Hr
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. 8.2 + £ 2
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’
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Cambining equations (6}, (7), (8}, end {3} gives

It

Zeg 2f-a(2-95]})

1- 2;302 - -;:- a)K-t— 1&:{3%90304- e°2+ h(%- 8)302]

; _
I, -~ G.——i-1302+1€§ {-— (l+2a)+(2+a)902+(1-a)502

IB= ey :
3‘-4'&?%2
368 (L BL BT
3 "% 2
Hp = —
2
1+n-ne°
2 2
R 1 550 +eO R
-an-g[i(-z--)é' =) )"I“beoﬁo]
E.D= B 2
l+IBO

N\

r{10)
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STABILITY T

Stabllity condlitions inh terms of physical paramsters can now
be computed from equations (2) and (10). Figure 1 is a plot of

KZJKG/A egainst B for fixed velues of the other parameters.
The guantity Jﬁg A may be recognized as the natural Trequency
of the control system and blade in feathering motion at zero
coning sngle.

The following constant valuss werc assumed in the calculabions:

B

= = 1000
A Q0

R _ f==
K = 0,018
By = 0.806
IB=1

Thase values could be realized aprroximately, in & blade having
the following chareacteristica:

Radiuve, fo8t . . . ¢ v v v v 4 ¢ s s v o s e e e e - o 2375
Chord, £EOt 4 4 « 4 4 o & o v o o ¢ s ¢ o s s o 2 o o o o o s ~ 1.5
Wolght, POUBAS . « « 2 v « « o o ¢ 1 o 2 o o a s o s« o s o 180

The value @ = 0 hag, for simplicity, been chosen in this firast
calculation. An inspesctlon of the equations indicates thet posgitive
pitch angles € make the rotor more unstable. The effect of the
chordw.se center of mass upon the stablility is indicated by the
different curves. It is noted in particular that instability can
occur even if the center of mass is shead of the 25-percent-chord
position.

DISCUSSION OF RESULTS

The presgent thsory appeers to check, in a general way, the
obgervations that inetablility of a two-blade see-saw rolor with a
coning angle can occur even wlth the center of mass at or ahsald
of the Z25.percent-chord position,
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The theory shows that instabllity depends strongly upsn coning

- angle «nd tc a lesser extent upon piten sotting. A cbuiy of {ho

paramovers erplcyed in the enslysic shows that I, and Hp cheags
over i1 wide rengs wlth changes of conring angle and pitch setiting,
whereas Iy and Hyg are relatively inssnsitive to aszle changes.

t appears after some experience with this type of analysis that the
paramsters I, ani HD .are uzaful omes for dssigners to auudy in
considering the eifect of various design changee wpon stability.
Chanz:s that incroase the positive value of I Improve the stabilility
Examplos ars forward mevemsnt of the chordwise center of mass,
decreage o7 coning angle, and decresse of aspact ratio, The
verapster X¥n arises from s term reprezenting ssrcdyrnamic damping
in feathsring oscillaticn, This type of term is frequenily lgnersd
in studies of robtor-blade dymamics,; but it seems to me imrortant
Fcr evaluating the effécstivoness of inmorzassd control sysitem
stiffaess in overcoiing instability. If Hp is arbitrverily sllcwed
to apprcash zerc in ths stebility coniition {2} , this congition

reduces o
;B<1 - )< 0

which does not contain Kg*. It can be shown that the curves of
Tigure 1 then tecorws vertical straight lines and erronecusly
pralict that atebility is indspsnlsut of rotor espeed &nd corntrol-
syster. stiffness.

Cunditicn {2} skows tuat if & rotor is stabls for F;F
it will be stabls for all values of K,'., These points, curre-

spondirg to Rg® = 0, therefore represent importent sufficlext

conditions for stebility. If E3® is allowed to apprcatil zero
in conditicn (2), tae sufficlent cupditicn for siebility vecomes

e

l - IA 2
HD‘H:B

i

The sart of this expression that is sensitive to angle changes is
the parameter



12 NACA RM No. L6H23

which can be oxpressed in the form

p AT +BY - O+ EyT

- .y

For stability the perameter P should not be largsy than a certain
positive quantity determired mainly by Hp. Changes in a ship that
decrsese the positive magnituds of P will improve the sitzabllity.
If P ig evaluated in terms of angles from eguations (10),it
becomes, with certain small terms neglccted

B 2
(1+2a)+2——-+-3-eoao§-

Y]

HOW TO PREVENT INSTABILITY

Insofar &8 the present theory has includad the corresct degrees
of freedom and types of forces to account for the phenocmencn of
inetabilitr it can be used to indicate the effect of proposed
remzdies, such as the increase of control-system ctii'fness,forward
diaplacerment of chordwlse center of mass, dacreass of counlng sngle,
or decreace of aspsct ratio.

The gsneral result of the analysie is that a see-saw rot-r with
& coning angle l1s more unstable than an airplans wing h:ving
corresponding persmeters. The additional unstabllizing effect is
gsgociated with the difference in moments of inertia in flapping
and in rotation, A rotor is most stable when the moment of irertia
in rotetion C' is larger than the moment of insrtia in flapping BY.
The main effect of increased conlng angle appears to be 1o dsorsass Cf
without making & compensating changs in BY., Coafigurations that
tond to confine the mass disteidbution to the plars of rotation ere
therefcere dszalrebls for stability, Configurations that tend to
spread ovt the mass in the plans of flapping are undoslrahls fcr
stability.
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Tae effect of mechancial damping has not been explicitly
treated, but it is expected to have a stabilizlng effect by general

enalogy with wing fiutter thsory.

Langley Memorisl Aeronautical Laboratory
Natioral Advisory Commltiee for Aeronsutics
Langlay Field, Va.
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